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Observing Clusters

http://chile1.physics.upenn.edu/gbtpublic/

galaxies: HST, optical observations

gas: Xray observations

gas: Sunyaev Zeldovich Effect

Galaxy Cluster RXJ1347-1145
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Substructure: Elliptical Halos

What is the distribution of cluster 
ellipticity? 

How does the distribution and 
alignment vary with redshift & 

mass?
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Gravitational Lensing χ2 = µ2 (1)
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Dimension less 
surface mass 
density

Gravitational Lensing is co-ordinate transformation between the 
foreground (θ), and background positions(β)
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Shape Distortions
κ= (ψ,11+ψ,22)/2

Distortion Observables are 
Measured Ellipticities.
For semi-strong regime:Reduced shear :g=γ/(1�κ) 
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Weak Lensing

Weak lensing is a 
statistical measure of 
the distortion of 
background galaxies 
due to the intervening 
mass.

Williamson et al. 2007.
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The shear signal

Catherine Heymans
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Comparison of Space vs Ground: A1689
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Strong Lensing

αi  =  ψ,i
A

B
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Parametric technique

 Place galaxy sized halos 
at the location of Cluster 
Members.
 Have one or more dark 

matter halos with free 
parameters that are fit from 
data.

Assumption: Light traces 
mass
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Grid Based Lensing 

– 3 –

〈ε〉 = γ, κ

In this section we develop the Strong+Weak (S+W) lensing procedure using PBL. A combined

likelihood function is given by,

L = exp
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The first term of the equation is due to weak lensing only. The covariance in the data arises because

of the smoothing procedure described in Chapter 3 (Deb et al. 2009). The second term represents

the fit between the multiple images and the deflection field at the location of the multiple images.

Maximizing the liklihood for anyone of these terms is simple. The weak lensing mass map has

a resolution of 0.5′, and the strong lensing mass map can have a resolution as low as 10′′ (Coe

et al. 2010) and the positions of the multiple images are fit exactly. The S+W reconstruction has a

variable resolution, the outskirts have a resolution determined by the smoothing scale of the weak

lensing data and the core has a higher resolution since we fit to the high signal-to-noise strong

lensing data. The simultaneous fitting of the strong and weak lensing data is complicated since

there is some ambiguity in the choice of relative weighting between the strong and the weak lensing

measurements. The advantage of an S+W reconstruction is that it ensures the mass map at the

core of the cluster is consistent with the outskirts.

The contribution to the error of the ith pair is given by a combination of the error in redshift

and the astrometric error in measuring the positions of the multiple images. The error in measuring

the positions of the images is σθ = 0.2′. The error σ is given by,

σ2 =

(

∆θ

z
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z

)2
(σz

z

)2
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where ∆θ is the difference in positions for multiple images, σθ are the astrometric errors and σz

are the errors in redshift.

The astrometric errors associated with the positions of the multiple images is low. However

the error in the strong lensing mass reconstruction is dominated by Poisson error. Multiple images

sample the cluster potential at discrete locations at finite number of points. Thus, even if we fit the

mass at those finite locations very accurately the overall mass distribution will have higher error

since most of the positions are fitted to weak lensing data.

2.1. Covariance of S+W map

We have calculated the errors for weak lensing in (Deb et al. 2009) and we now calculate the

error in the reconstruction in a similar fashion. Before going into further details we present a brief

– 3 –

〈ε〉 = γ, κ

In this section we develop the Strong+Weak (S+W) lensing procedure using PBL. A combined

likelihood function is given by,

L = exp



−

∑

mn

(

εi
m − γi

m(ψm)
1−κm(ψm)

)

C−1
mn

(

εi
n − γi

n(ψn)
1−κn(ψn)

)

2
(5)

−
∑

i,pairs

(

(αA({ψ}) − αB({ψ}))Z(zi) − (θA − θ
B)

)2

σ2
i



 .

The first term of the equation is due to weak lensing only. The covariance in the data arises because

of the smoothing procedure described in Chapter 3 (Deb et al. 2009). The second term represents

the fit between the multiple images and the deflection field at the location of the multiple images.

Maximizing the liklihood for anyone of these terms is simple. The weak lensing mass map has

a resolution of 0.5′, and the strong lensing mass map can have a resolution as low as 10′′ (Coe

et al. 2010) and the positions of the multiple images are fit exactly. The S+W reconstruction has a

variable resolution, the outskirts have a resolution determined by the smoothing scale of the weak

lensing data and the core has a higher resolution since we fit to the high signal-to-noise strong

lensing data. The simultaneous fitting of the strong and weak lensing data is complicated since

there is some ambiguity in the choice of relative weighting between the strong and the weak lensing

measurements. The advantage of an S+W reconstruction is that it ensures the mass map at the

core of the cluster is consistent with the outskirts.
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where ∆θ is the difference in positions for multiple images, σθ are the astrometric errors and σz

are the errors in redshift.

The astrometric errors associated with the positions of the multiple images is low. However

the error in the strong lensing mass reconstruction is dominated by Poisson error. Multiple images

sample the cluster potential at discrete locations at finite number of points. Thus, even if we fit the

mass at those finite locations very accurately the overall mass distribution will have higher error

since most of the positions are fitted to weak lensing data.

2.1. Covariance of S+W map

We have calculated the errors for weak lensing in (Deb et al. 2009) and we now calculate the

error in the reconstruction in a similar fashion. Before going into further details we present a brief

Convolution
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Particle Based Lensing

 Variable Resolution with the same complexity as finite 
differencing on a regular grid.

 No empty grid cells.

Particles-> lensed 
image positions
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Reconstruction Procedure

Guess a potential 
field  

χ2
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i )]2 (1)

ψ(n−1)

Compute 
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χ2 minimization 

Keep Iterating ...
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In case of weak lensing,  a        like 
this will fit best to noisy data

Smoothing the ellipticity 
field before 
minimization and using 
the full covariance 
matrix in the 
minimization
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Heterogeneous Datasets

HST: 
50-60 
galaxies 
per 
square 
arcminute

SUBARU: 
15-20 
galaxies 
per 
square 
arcminute
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Abell 901/902

0.5 degree^2 fov
STAGES HST 
survey
60,000 background 
images.

Heymans et. al. 2008.
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A901a

Mass Map

Error Map

From Deb et al. 2009
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A901b

Mass Map

Error Map

Axis Ratio
Non-

Parametric:

Axis Ratio Position angle
Parametric:

Position angle
From Deb et al. 2009
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A902

Mass Map

Error Map

From Deb et al. 2009
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Southwest Group

Mass Map

Error Map

Non-
Parametric:

Axis Ratio Position angle
Parametric:

Axis Ratio Position angle
From Deb et al. 2009
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Dark Matter vs Light
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Table 2. Measuring ellipticity of dark matter and light distribution.

Peak σv(km/sec) f α(degrees) M < 1′ (h−1
70 1013M#) χ2

ν

Dark Matter: Parametric

A901b 518+149
−157 0.437+0.1

−0.087 90.0+2.25
−2.25 2.66+0.29

−0.24 1.49

SW group 307+117
−143 0.42+0.18

−0.12 180.0+7.73
−5.15 0.92+0.26

−0.22 1.46

Dark Matter: Non-parametric

A901b − 0.37+0.1
−0.1 91.4+8.2

−8.2 1.49 ± 0.21 −
SW group − 0.54+0.08

−0.09 120.0+4.8
−4.8 1.31 ± 0.12 −

Light Distribution

A901b − 0.58+0.1
−0.09 121.5+12.0

−12.0 − −
SW group − 0.69+0.06

−0.05 100.0+10.0
−10.0 − −

Note. — The measurements for the ellipticity and position angle are inferred at

a distance of 200h−1 kpc from the center of each peak for non-parametric measure-

ments.
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Reconstruction Methods

Parametric:
Strong Lensing
GRAVLENS - Keeton et al., 2001
LENSTOOL - Jullo et al., 2007

Galaxy-Galaxy 
Lensing
Natarajan et al. 2005

LENSTOOL - 
Jullo et al., 2009

Non-Parametric
Strong Lensing
Jullo & Kneib 2009,
LENSPERFECT -Coe et al, 2008,2010 (Mesh Free) 

Weak Lensing
Kaiser 1995, Seitz & Schneider 1995-2001

Strong+Weak Lensing
Finite Differencing Based 
 Bradac et al. 2004, 
(ADAPTIVE)  - Diego et al.  , Cacciato et al.
Merten et al.,  Saha et. al. Pixelens
and more ....

Mesh-Free Technique
Particle Based Lensing 
(PBL)
Deb et al. ,2008, 2009

Hybrid
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Strong+Weak Lensing: Challenges

HST/ACS image of Abell 
2218 (Sánchez et al. 2006) 
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Strong+Weak Lensing

– 3 –

L = exp
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The contribution to the error of the ith pair is given by a combination of the error in redshift and

the astrometric error in measuring the positions of the multiple images. The error in measuring

the positions of the images is 0.2′. The error σ is given by,

σ2 =

(
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+
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where ∆θ is the difference in positions for multiple images, σθ are the astrometric errors and σz

are the errors in redshift.

The astrometric errors associated with the positions of the multiple images is low. However

the error in the strong lensing mass reconstruction is dominated by Poisson error. Multiple images

sample the cluster potential at discrete locations at finite number of points. Thus even if we fit the

mass at those finite locations very accurately the overall mass distribution will have higher error

since most of the positions are fitted to weak lensing data.

2.1. Covariance of S+W map

We have calculated the errors for weak lensing in (Deb et al. 2009). We calculate the error in

the reconstruction in a similar fashion. Taking the first derivative of Equation 2, we have,

∑
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The solution for the potential is obtained by inverting the above equation,

ψ = Vwε̂ + Vsδx, (4)
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∑
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The covariance in the potential is given by,

Covψ = ψψT = VwCovεV T
w + VsCovδxV T

s . (5)

+

STRONG LENSING

WEAK LENSING

Wednesday, March 20, 13



Introduction                Particle Based Lensing                Abell 901/902                S+W             Abell 1689               Current Research               Future  Work                 Summary

A1689

http://chandra.harvard.edu/photo/2008/a1689/
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Mass Map

Error Map
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 X-ray vs S+W Lensing
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Power Ratios

Moments of the mass distribution characterize the 
morphology and substructure in dark matter distribution.
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Cross-Correlations
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Current Research
A2219: Optical vs Lensing mass reconstruction

PRELIMINARY
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Current Research
A2261: X-ray vs Lensing mass reconstruction

PRELIMINARY

XMM Newton
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Current Research
A1914: X-ray vs Lensing mass reconstruction

PRELIMINARY

Chandra data

http://chandra.harvard.edu/photo/2006/clusters/
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Summary
METHOD

Developed a non-parametric mass reconstruction technique “Particle 
Based Lensing” (PBL).
PBL is applied to compute mass maps of variable resolution and signal-
to-noise. 

RESULTS
 The ellipticity for the light distribution is smaller than the ellipticity of 

the dark matter distribution for A901b and the Southwest Group.
 A901a, A901b and A902 have strong alignment whereas the Southwest 

group is not aligned with the rest of the peaks.
 The gas distribution of A1689 is smoother than the dark matter 

distribution.

Future Research
Mutiwavelength analysis for a sample of 20 Supermassive Clusters.
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